Septins constitute a group of GTP-binding proteins involved in cytokinesis and other essential cellular functions. They form heterooligomeric complexes that polymerize into nonpolar filaments and are dynamic during different stages of the cell cycle. Posttranslational modifications and interacting partners are widely accepted regulators of septin filament function, but the contribution of nucleotide is undefined due to a lack of detailed structural information. Previous low-resolution structures showed that the G domain assembles into a linear polymer with 2 different interfaces involving the N and C termini and the G binding sites. Here we report the crystal structure of SEPT2 bound to GppNHp at 2.9 Å resolution. GTP binding induces conformational changes in the switch regions at the G interfaces, which are transmitted to the N-terminal helix and also affect the NC interface. Biochemical studies and sequence alignment suggest that a threonine, which is conserved in certain subgroups of septins, is responsible for GTP hydrolysis. Although this threonine is not present in yeast CDC3 and CDC11, its mutation in CDC10 and CDC12 induces temperature sensitivity. Highly conserved contact residues identified in the G interface are shown to be necessary for Cdc3-10, but not Cdc11-12, heterodimer formation and cell growth in yeast. Based on our findings, we propose that GTP binding/hydrolysis and the nature of the nucleotide influence the stability of interfaces in heterooligomeric and polymeric septins and are required for proper septin filament assembly/disassembly. These data also offer a first rationale for subdividing human septins into different functional subgroups.
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filament ͉ GTP-binding protein ͉ X-ray crystallography S eptins are GTP-binding proteins that form oligomers and filaments in vitro and in vivo. They were identified first as cell division cycle mutants in yeast Saccharomyces cerevisiae (1) and later in all eukaryotes. Multiple septin genes have been identified in eukaryotic genomes, ranging from 5 in yeast to 14 in humans. These genes can be subdivided into different groups according to sequence conservation, but the functional significance of these subgroups is unclear (2, 3) . Deletion and mutation studies in yeast septins have shown incomplete cell division, suggesting an important role for septins in cytokinesis (4, 5) . Moreover, septins also play important roles in secretion, membrane remodeling, and cytoskeleton dynamics (6, 7) . The hallmark of septin proteins is a conserved central G domain flanked by variable N and C termini, with the C-terminal ends predicted as coiled coils. Septins from endogenous sources are purified as heterooligomeric complexes, which can form filaments and ring-like structures under appropriate conditions (8, 9) . Such complexes also can be isolated by recombinant coexpression in Escherichia coli, and they can assemble into homooligomers and heterooligomers and form filaments (4, (8) (9) (10) .
We previously solved the crystal structure of the SEPT2 G domain in its GDP-bound state and the low-resolution structure of an oligomeric septin complex consisting of SEPT2/6/7. These structures revealed that filament formation involves conserved interactions between adjacent nucleotide-binding sites (G interface) and N-and C-terminal extensions (NC interface) of the protomers (11) . These studies, complemented by electron microscopy studies of septin complexes from human, Caenorhabditis elegans, and S. cerevisae, demonstrated a universal principle for the assembly of septins (11) (12) (13) . The asymmetric heterotetramers, heterohexamers, or heterooctamers formed by 2, 3, or 4 different septins associate to form nonpolar septin filaments. A linear hexamer also has been demonstrated for the SEPT3/5/7 complex isolated from rat brain (14) .
But despite these structural breakthroughs in understanding the filamentous assembly of septins, the role of the guanine nucleotide in septin assembly and function remains elusive (15) . Purified septin complexes are saturated with GDP and GTP in a defined and consistent ratio, Ϸ2:1 for the SEPT2/6/7 complex and 3:1 for the yeast Cdc3/10/11/12 complex. Native or recombinant heterooligomeric complexes demonstrate a very slow GTPase reaction (8) (9) (10) . In vivo, nucleotide exchange experiments also have shown that guanine nucleotides bound to yeast septins do not turn over during a cell cycle (16) . Compared with septin complexes, monomeric septins with little or no bound nucleotide have higher nucleotide exchange and hydrolysis rates (17, 18) . Although the details differ, phylogenetic analyses of septin sequences indicate that they can be grouped into different subclasses (2, 3) . Whether these differences can be related to different biochemical and structural properties, such as preferred binding of GDP versus GTP and/or preference for G or NC type interfaces, is unknown, however.
Fluorescence recovery after photobleaching (FRAP) and polarization microscopy experiments suggest that the septin filaments are highly dynamic during certain stages of the cell cycle (19, 20) . Although the dynamics of septin filaments are believed to be regulated by phoshorylation, a contribution of GTP hydrolysis to this process cannot be ruled out. The juxtaposition of 2 G domains via their nucleotide-binding sites in the septin filaments is reminiscent of other G proteins activated by dimerization (GADs), such as MnmE and hGBP1 (21) (22) (23) . On the other hand, mutational analysis of septins based on the Ras⅐GTP hydrolysis mechanism revealed no observable phenotype (24) (25) (26) , leading to the conclusion that GTP hydrolysis of septins has no influence on septin assembly or dynamics (24) . Based on the structural alignment of SEPT2-GDP with Toc34 protein, Weirich et al. (6) proposed the possible involvement of an invariant histidine in engaging the nucleotide across the G dimer. Because Ϸ1 mol of GTP is always present in a septin complex, it is unlikely that this invariant histidine is involved in GTP hydrolysis. Whether there are any structural consequences for the binding of GDP/GTP to septins is also unclear.
To address these questions, we set out to investigate structural differences between GDP-and GTP-bound septins and to identify the residues possibly responsible for GTP hydrolysis. The SEPT2/ 6/7 complex contains both GDP-bound and GTP-bound septins, but differences between them cannot be identified in the filament structure due to the low (4 Å) resolution. Here we solved the structure of SEPT2 G domain in its active state (GppNHp-bound form) and analyzed the contribution of active site residues by mutational analysis in vitro and in vivo. This allowed us to propose a structural classification of different septin subunits that might explain their nonrandom distribution in septin complexes. This study represents an important step forward in understanding the role of guanine nucleotides in septin filament assembly and dynamics.
Results
Structural Differences Between GDP-Bound and GTP-Bound Septins.
To gain insight into the GTP-bound structure of septin, mouse SEPT2 (1-315) (hereinafter SEPT2-315) was purified following a protocol described previously (11) . The protein-bound nucleotide (mostly GDP) was exchanged to GppNHp, and crystallization trials were performed. Because we could not obtain diffraction-quality crystals, we turned our attention to an N-terminal-deleted construct, SEPT2 (33-306) (hereinafter ⌬NSEPT2). The domain boundaries introduced to avoid oligomerization across the NC interface are based on the previous crystal structure of Nterminally-deleted SEPT2⅐GDP (PDB ID: 2QNR). Welldiffracting crystals were obtained and used to solve and refine the structure of ⌬NSEPT2 to 2.9 Å resolution (see Materials and Methods and Table S1 ).
As expected and unlike the previous structure (2QA5), ⌬NSEPT2 does not form filaments in the crystal. As in solution, in the crystal it exists as dimer with subunits facing one another across the nucleotide-binding site, forming what is known as the G interface (11) . The structure revealed new elements not previously observed in the GDP-bound structure of SEPT2-315 (Fig. 1A) . In contrast to the earlier structure, and analogous to structural studies on Ras proteins (27) , the switch I and II regions are now ordered and visible, as is a magnesium ion coordinating the nucleotide. In a previously disordered region, we now see an additional antiparallel ␤-turn (␤9 and ␤10) looped in between the antiparallel ␤7-␤8 and ␣5. The G dimer interface of ⌬NSEPT2⅐GppNHp has a larger buried surface than the GDP structure (2,485 Å 2 vs. 1,852 Å 2 ), suggesting that GTP induces tighter binding between subunits. The crystal structure also shows that the G dimer is slightly tilted at right angles Ϸ10°away from the filament axis [supporting information (SI) Fig. S1 ]. This tilting could be due to either the presence of GTP or the absence of filamentous assembly in the crystal.
Although the overall structures of GTP-bound and GDP-bound septin look similar, superimposition of the structures reveals important differences (Fig. 1B) . Whereas the ␣-helices remain unchanged, the central ␤-strands show an angular difference of Ϸ20°. The largest effect is on beta strands ␤2 and 3, which are tilted by 20 o with respect to the strands of GDP structure (Fig. 1B) . There is a partial movement of the N-terminal half of ␤1 to remain hydrogenbound with ␤3. Because ␤2 and ␤3 are in close proximity to the switch regions, and because the GDP-bound structures of SEPT2 (1-315) (11) and N-terminally-deleted SEPT2 (33-306) (PDB ID: 2QNR) do not exhibit this angular difference, the ␥-phosphate, not the deletion, appears to be the driving force for the ␤-strand torsion (Fig. 1B) . From this structure, it is clear that the first strands of the ␤-sheet would clash with the position of ␣0, an important element in the NC interface observed in the previous structures. This suggests that the binding of triphosphate modulates both the G and NC interfaces simultaneously.
The SEPT2 G Interface. The formation of a G interface of ⌬NSEPT2⅐GppNHp observed in the crystal is consistent with previous studies (11) . In the triphosphate structure, the G interface is stabilized by an interaction between Asp-107 from switch II and His-158 of the neighboring subunit, which in turn is stabilized by Glu-202, suggesting that His-158 is protonated ( Fig. 2A) . Asp-107 and His-158 are highly conserved between yeast and man, whereas Glu-202 can be replaced by either glutamine or aspargine (Fig. 2B ). Because Asp-107 is adjacent to switch II and this interaction is not seen in the GDP structure, we assume that this interaction is induced due to the presence of GTP.
To study the importance of the GTP-induced interaction between Asp-107 and His-158, we checked the functionality of these residues in yeast. The His-158 equivalent residue was found in the 3 essential yeast septins CDC3, CDC11, and CDC12, except in CDC10, the very rare exception from total conservation. These residues were mutated to Ala, as were the residues in CDC3 and CDC10 equivalent to Asp-107. The yeast complementation assay (Fig. 2C ) demonstrated that the mutation of the conserved Asp in Cdc10 and Cdc3 has a dramatic effect on temperature-sensitive growth. The Cdc10(D103A) mutant is more severely affected, because it does not grow even at the permissible temperature (Fig.  2C) . The His-to-Ala mutations in Cdc11 and Cdc12 exhibited no observable growth phenotype, whereas Cdc3(H262A) was temperature-sensitive. Strikingly, the Cdc10(K155A) showed no observable phenotype, suggesting that the essential Asp-103 in Cdc10 creates a different type of interaction in the interface.
To further corroborate the importance of these interface residues in stabilizing the G interface, we performed in vitro coexpression experiments. Mutations were introduced in Cdc3 and Cdc12 and coexpressed with Cdc10 and Cdc11, respectively (see SI Text). The His-to-Ala mutation in the G interface was seen to have a dramatic effect on formation of Cdc3-10 heterodimer, but not of Cdc11-12 heterodimer (Fig. S2 ). In general, our findings indicate that Cdc3 and Cdc10, which constitute the central part of the yeast septin octamer (13) , are more sensitive to mutations in the interface. The Nucleotide-Binding Pocket. The guanine nucleotide is completely buried inside the dimer interface and is inaccessible to solvent. It is bound in a canonical fashion with 4 of the 5 conserved G domain signature motifs involved in binding (Fig. 3A) . The ␤-and ␥-phosphates are surrounded by the P-loop GxxxGKS/T motif, the conserved lysine (Lys-50) and serine (Ser-51) of which contact the ␤-and ␥-phosphate and the Mg 2ϩ ion, respectively. An additional theronine, Thr-52, which is totally invariant in septins, creates a hydrogen bond to the ␣-phosphate. This interaction has not been observed in any other G protein except Toc34, a close homologue of septin (6, 28) . Here a serine rather than a threonine causes a similar interaction with the ␣-phosphate (29) . Thr-78 in switch I, homologous to Thr-35 in Ras, coordinates the Mg 2ϩ ion and forms a main hydrogen bond with the ␥-phosphate. This threonine (Thr-78), together with the invariant glycine (Gly-104) from the switch II DxxG motif, mediate the universal switch mechanism. Their main chain amides form hydrogen bonds with the ␥-phosphate, which are released after GTP hydrolysis and Pi release in what has been termed the ''loaded spring'' mechanism (27) . Because Thr-78 is highly conserved and Gly-104 is totally conserved in all septins (Fig. 2B) , this universal mechanism would be assumed to operate in most, if not all, septins. One of the G protein signature motifs is N/TKxD, which is replaced by AKAD in septins. Asp-185 from the AKAD motif of SEPT2 forms the canonical doublebifurcated hydrogen bond with the guanine base, which is the most important element of the guanine-versus-adenine specificity.
Along with the canonical G protein elements, several novel types of interactions are involved in GTP binding by the SEPT2 dimer. The guanine and ribose moieties of the nucleotide are sandwiched in the dimer interface and have contact with both protomers (Fig.  S3) . The N3, O6, and N7 atoms of the guanine base are hydrogenbound to Arg-256 and the main chain amide and carbonyl group of Gly-241, respectively (Fig. 3A) . The main chain carbonyl of Thr-186 and the side chain carboxyl of Glu-191 from the other protomer have additional contacts with the guanine base and ribose, respectively. Glu-191 from the other protomer also stabilizes Arg-256. The nucleotide-binding site in the interface of 2 G domains is reminiscent of other GADs (23), for which the high-affinity binding site and/or the enzymatic machinery for GTP hydrolysis requires the presence of both subunits. This also might explain the observations that isolated septins have a low affinity for nucleotides and that no nucleotide dissociation is detected in the septin oligomers (9, 16) .
Concerning the GTPase reaction, the residues in the neighborhood of the ␥-phosphate are candidate residues relevant for catalysis. Ser-46 from the P-loop (Gly-12 position in Ras) is involved in hydrogen bonding with the O3G of the ␥-phosphate and is conserved as Ser or Thr in septins. Arg-77 from switch I is located near the phosphates. Although Arg-77 does not have direct interactions with the ␤-and ␥-phosphates, it potentially could function as an ''arginine finger.'' Such an arginine is found only in SEPT2, however, and thus it can be excluded as a relevant residue (Fig. 2B) . A water molecule is located 2.7 Å away from the ␥-phosphate, in a position for an in-line attack on the ␥-phosphate. It is hydrogenbound with the main chain carbonyl of Thr-78 and thus could be responsible for polarizing the attacking water. Alternatively, if repositioned, the hydroxyl group of Ser-46, the group next closest to the water (Ϸ4.3 Å), also could serve as a catalytic residue, as has been observed for Ser-73 in the interface of the hGBP1 dimer (Fig.  S4) (21) .
Biochemical Studies of SEPT2 Mutants. To investigate whether the differences in nucleotide states in SEPT2/6/7 hexamer is due to the active site residues, we set out to replace the corresponding residues. Sequence alignment revealed that Ser-46 in the P loop is almost totally conserved in all septins, while threonine of switch I (Thr-35 in Ras), which is almost universally conserved in G proteins, is present in only about half of the human septins. It is not present in the SEPT6 group, and the residues around it are surprisingly poorly conserved (Fig. 2B) . Comparing SEPT2 and SEPT6 revealed that the residues equivalent to Ser-46, Arg-77, and Thr-78 in SEPT2 are replaced by Thr, Pro, and Gly, respectively, in SEPT6 (Fig. 2B) . Thus, we mutated Ser-46 to Thr and Ala, Thr-78 to Gly, and Arg-77 to Ala in SEPT2-315. The most drastic variation of Ser-46 was found in yeast Cdc3 with an aspartate at the equivalent position. To explore the results of that replacement, we made the S46D mutation in SEPT2-315.
We tested the purified soluble SEPT2 mutants for guanine nucleotide binding using equilibrium titration experiments with fluorescently labeled mant nucleotides, as described in Materials and Methods (Fig. 3 B and C) . The dissociation constants are summarized in Table S2 . Apart from the S46D mutant, the proteins tested show a similar affinity for GDP, and only the T78G mutant has a significantly reduced (Ϸ21-fold) affinity for GTP (Fig. 3B) . Deletion of the N terminus has no significant influence on nucleotide affinity. S46A in the ⌬NSEPT2 construct has a 2-to 3-fold effect on the affinity for GDP or GTP (Table S2) .
We performed multi-turnover GTP hydrolysis assays with WT and mutant proteins using radioactive GTP in the charcoal assay, as described in Materials and Methods. Testing the GTP hydrolysis rates of various SEPT2 constructs revealed that SEPT2-fl and the 2 deletion constructs have similar GTPase rates (Fig. 3D) . Among the mutants, R77A is similar to WT, indicating that the (nonconserved) arginine plays no role in GTP hydrolysis (Fig. S4) . Ser-46 is close to the active site but does not seem to play a similar role in the catalysis of SEPT2; neither the S46T nor, surprisingly, the more drastic S46D mutation have any notable effect (Fig. S5) . The only significant effect on catalysis comes from the T78G mutation, which reduces the rate of hydrolysis by 2-fold. Thr-78 has various interactions in the active site (Fig. 3A) , and the failure of any of these could lead to reduced GTP hydrolysis by T78G. Thr-78 is not present in a special subgroup of human septins (Fig. 2B) , which might explain why SEPT6 in the SEPT2/6/7 complex retains bound GTP.
We also tested the influence of His-158 on GTP hydrolysis, because it is close to the active site and is responsible for the tight interaction in the G dimer interface. If anything, there is a slight increase in the GTP hydrolysis of the SEPT2 H158A mutant (Fig.  S5) . Therefore, the conserved histidine is unlikely to be involved in GTP hydrolysis, as suggested by Weirich et al. (6) .
Analysis of Active Site Residues in Vivo.
To assess the in vivo functional significance of the Thr-78 and Ser-46 residues, we investigated the effect of corresponding mutations in yeast. Similar to the SEPT6 group in human septins, CDC3 and CDC11 septins do not have a residue corresponding to Thr-78, whereas CDC10 and CDC12 do have such a residue (Fig. 2B) . Thus, we constructed Cdc10(T74A) and Cdc12(T75A) in addition to Cdc10(S41A), Cdc11(S31A), and Cdc12(S43A) (Table S3 ). Finally, the P-loop Asp-128 of CDC3 was mutated to Ser and Ala, respectively.
Haploid deletion strains were complemented using plasmids with WT and mutant septin genes. The complementation assays revealed that different yeast septins are differentially sensitive to the mutations. For the septins carrying a residue equivalent to Ser-46, only Cdc10 is sensitive to the S41A mutation, while Cdc12 with S43A is only weakly sensitive and Cdc11 with S31A is not at all sensitive to the mutation (Fig. 4) . We also checked the viability of Cdc12(S43V) and found no phenotype (not shown), in line with previous mutational studies (25) . Similarly, the D128S and D128A mutations of Cdc3 show no obvious growth phenotype. This indicates that the Ser-46 equivalent residue does not have an essentially general role in septins, but is required for the function of Cdc10. The presence of a residue equivalent to Thr-78 is essential in both Cdc10 and Cdc12. The T74A mutation in CDC10 shows temperature sensitivity, and the Cdc12(T75A) mutant does not even grow at the permissive temperature (Fig. 4) . Assuming that Thr-78 is required for GTP binding and/or hydrolysis, the yeast data suggest that GTP binding and/or hydrolysis is essential for Cdc10 and Cdc12, but not for Cdc3 and Cdc11, consistent with previous biochemical studies (25) .
Discussion
The previous structure of the SEPT2-315 in the GDP-bound form showed a linear polymer with alternating G and NC interfaces. Only by deleting N-terminal sequences and thus preventing filament formation were we able to crystallize SEPT2 in the triphosphate form. The structure of ⌬NSEPT2⅐GppNHp shows elements of the protein that previously were not visible or unstructured, such as the switch regions that form the main chain canonical ␥-phosphate contacts of G proteins (27) . Here those contacts seem to stabilize the dimerization interface and the binding of nucleotide. Important for filament formation is the observation that the 2 outermost ␤-strands, ␤2 and ␤3, change their orientation and elongate somewhat toward the position occupied by helix ␣0 seen in the GDP structure (Fig. 1B) . These ␤-strands clash with ␣0 in the GTPbound state and might push the ␣0 to destabilize the NC interface (Fig. S6) . This also explains why no well-diffracting crystals could be obtained for SEPT2-315-GppNHp. Thus, even though filament formation seems to occur independent of the septin nucleotide state (9), our structural analysis suggests that the presence of the ␥-phosphate influences the structure and stability not only of the G, but also of the NC interface, at least for some septins.
Dimerization across the active site is a mechanism used by many GAD proteins (23) . While the details differ, the unifying principle in GTP hydrolysis of GADs is the insertion and/or stabilization of residues in the active site of one protomer by the other (21, 22) . Although a similar principle seems to be operating in the case of the SEPT2 dimer, and potential catalytic residues have been identified here, only the Thr-78 mutation has a significant effect on the GTPase reaction. While this might suggest that a GTPase reaction is not required for septin function, the in vivo yeast data show that the residues equivalent to Thr-78 are required for Cdc10 and Cdc12. Cdc3 and Cdc11 do not have a residue corresponding to Thr-78. Because replacements equivalent to Thr-78 are found in many septins, the mutations are unlikely to cause significant structural changes. We assume that GTP hydrolysis is important for the function of at least some septins. Because GTP hydrolysis of the oligomeric complexes is slow, it might imply that other factors in the cell are involved in regulating the GTPase reaction, as observed for other GADs (23) . Indeed, a recent study of the GTPase activity of Drosophila septins shows that Orc6 enhances GTP hydrolysis (30) . The possibility that the observed reduction of GTP affinity also affects septin function cannot be ruled out, however.
Considering the dynamic changes in septin assembly during the life cycle of yeast, as evidenced by FRAP (19) and fluorescence polarization experiments (20) , GTPase likely is relevant in the context of the biological function. The structure of the SEPT2/6/7 filament indicates that SEPT6 in the SEPT6-SEPT2 G interface retains GTP, while the SEPT7-SEPT7 interface shows 2 molecules of GDP, confirming that the complex is consistently isolated with a GDP:GTP ratio of 2:1. The Cdc3/10/11/12 octameric complex is similarly purified with a defined GDP:GTP ratio of 3:1 (4, 9) . Although a recent electron microscopy structural analysis of the octameric yeast complex could identify the alternating G and NC interfaces, it could not identify which of the yeast septins retains GTP (13) . Mutational studies in yeast have shown that the GTPinduced contacts in Cdc3 and Cdc10 are essential. Because Cdc3 and Cdc10 form the core of the octameric complex and interact via the G interface (13) , and because Cdc3 does not contain a Thr residue in the switch I, we suggest that the presence of GTP in Cdc3 might stabilize the Cdc3-Cdc10 heterodimer interface, thereby forming a rigid core in which different functional octamers are formed during mitosis and sporulation (31) .
The available data suggest that some septins are able to hydrolyze GTP but others are not. This may be related to the phylogenetic analysis in which human septins were classified into 4 different subgroups according to Kinoshita (2) , along with a more detailed analysis of all known animal and fungal isoforms (3). It also has been suggested that septins can form complexes in various combinations as long as septins from 3 different subgroups are combined (2) . Some of the mammalian septin complexes purified so far, including SEPT2/6/7 (10, 11), SEPT7/9b/11 (32) , and SEPT3/5/7 (14), seem to support this hypothesis of group-specific combinatorial complex formation. Although the precise nature of functional and structural differences cannot be deduced from our present knowledge of structure-function relationships, we can assume that the ability to hydrolyze GTP is a distinctive feature for classification. Thus, we can predict that the members of the human SEPT6 (2) or 1B group (3) consisting of septins 6, 8, 10, and 11, which do not contain Thr-78, are not GTPase competent. Each of the yeast septins has been classified into a different subgroup. Yeast complementation assays show that Cdc10 and Cdc12 require the switch I threonine residue for in vivo function (presumably for GTP hydrolysis), while Cdc3 and Cdc11 do not. C. elegans has only 2 septin genes, which belong to the 1B and 2B groups as classified by Pan et al. (3) ; the 5 Drosophila septins have been assigned to the 3 subgroups represented by human SEPT2, 6, and 7 (3).
SEPT2 in the GDP-bound form and in the absence of cognate partner SEPT6 has the ability to pair with itself using both the G and NC interfaces (11) . But in the GTP-bound form, it is apparently not able to maintain the NC interface, as is evident from the ␤-strand torsion. Although a SEPT2 G dimer presumably is not formed in vivo, the structural differences observed between GDPbound and GTP-bound SEPT2 have implications for a physiological septin complex such as SEPT2/6/7, where SEPT2 dimerizes via NC and forms a G interface with SEPT6⅐GTP. It thus appears that a mixed interface between GDP-bound and GTP-bound septins is not only tolerated, but is even favorable, because the structural analysis suggests that this interface is tighter. The SEPT2/6/7 structure also reveals that SEPT6 specifically pairs with SEPT7 due to the extended N terminus of SEPT6, which wraps around the latter. Furthermore, the interaction between certain pairs of septins such as SEPT6 and SEPT7, is favored by the close juxtaposition of the C-terminal coiled coils in the NC interfaces. Along the same lines, this may indicate that the GDP-GDP interface of SEPT7 in the septin filament is the least stable interaction and might be the reason why the filament disassembly to the hexameric SEPT 7/6/2/2/6/7 unit is favored. The human SEPT7 is unique in terms of constituting the edge of the oligomeric unit. It remains to be tested whether SEPT13 belonging to the same 2B subgroup (3) can replace SEPT7 in the hexameric unit.
Our structural analysis leads us to conclude that the inability of certain septins to hydrolyze GTP could have a major role in dictating the rules for septin pairing and assembly. While the presence of the ␥-phosphate further stabilizes the G interface via additional contacts from the switch II residue Asp-107, the NC interface appears to be destabilized due to the ␤-strand torsion induced by the switch I theronine (Thr-78). This counteracting function of switches would be released by GTP hydrolysis in SEPT2 and other septins with an intact switch I theronine. In the case of SEPT6 and other SEPT6-IB subgroup septins, where GTP is required for stabilization of the G interface, the switch I is considerably shortened and threonine is absent. In this case, GTP can stabilize the G interface with SEPT2 without compromising the NC interface with SEPT7. We thus conclude that the purpose of having different nucleotide states in septins is to allow structural transitions and recycling of septin filaments (7, 19, 20, 31) during particular stages of the cell cycle.
Materials and Methods
Detailed description of purification, crystalization, structure determination, biochemical, and in vivo experiments are described in SI Text published online.
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Data collection was done at the Swiss Light Source, beamline X10SA, Paul Scherrer Institute, Villigen, Switzerland; we thank the beam line staff for assistance. We also thank Anton Meinhart, Bernhard Loll, Ilme Schlichting, and Ingrid Vetter for data collection and crystallographic advice, and Dorothee Kuehlmann for technical assistance. M. For the bicistronic plasmid pFM835, CDC11 (primer CDC11-POLY14J and primer CDC11-POLYCI13C, template pFM581) and CDC12 (primer CDC12-N1 and primer POLYCI4a, template pFM338) were amplified. The PCR products were digested with BamHI and SacI for CDC12 or with SacI and SalI for CDC11, and both fragments were introduced between BamHI and SalI of pMalcHis (1) as a 3-fragment ligation. Bicistronic plasmid pFM846 was constructed like pFM835, with the exception of using pFM651 as a template for cdc12H155A amplification.
Construction of pFM847 (MBP-CDC3 and CDC10-His6 in pMalcHis-kan) and pFM848 (MBP-cdc3H262A and CDC10-His6 in pMalcHis-kan) for Bicistronic Expression. For the bicistronic plasmid pFM847, CDC3 (primer CDC3bicN and primer CDC3bicC, template pFM337) and CDC10 (primer CDC10bicN and primer CDC10bicC, template pFM580) were amplified. The PCR products were digested with BamHI and SacI for CDC3 or with SacI and SalI for CDC10, and both fragments were introduced between BamHI and SalI of pFM455 (1) as a 3-fragment ligation. Bicistronic plasmid pFM848 was constructed like pFM835, with the exception of using pFM582 as a template for cdc3H262A amplification.
Expression and Purification of Binary Complexes.
For the bacterial expression of yeast binary complexes, corresponding plasmid was transformed in E. coli strain BL21 (DE3) Rosetta (Novagen). Strains transformed with plasmid pFM835 expressed Cdc11-His 6 and MBP-Cdc12, strains with plasmids pFM846 expressed CDC11-His 6 and MBP-cdc12H155A, strains with pFM847 expressed MBP-CDC3 and CDC10-His 6 , and strains with pFM848 expressed MBP-CDC3H262A and CDC10-His 6 . The cells were grown on Terrific Broth (300 mL), supplemented with ampicillin or kanamycin and chloramphenicol, at 37°C and induced at an optical density of OD 600 ϭ 0.6 via the addition of 0.5 mM Isopropyl ␤-D-1-thiogalactopyranoside. After 8 h at 37°C, cells were harvested by centrifugation and resuspended in isolation buffer. Isolation was performed as described previously (1), but using small Ni-NTA (1.5 mL) and amylose (0.8 mL) columns. Further steps after the amylose column were omitted. The final products were analyzed by SDS-polyacrylamid electrophoresis.
Purification of SEPT2 Protein. Different constructs of SEPT2 WT and mutant proteins were expressed and purified as GST-fused proteins as described previously (2) . The purified protein contained Ϸ50% GDP bound to it, and was exchanged to GppNHp by adding 1 U of shrimp alkaline phosphatase per mg protein and 3ϫ excess of GppNHp. The exchange reaction was left overnight at 4°C. The excess and unbound nucleotide was removed by size-exclusion chromatography.
Crystallization and Structure Determination. The initial crystallization condition was identified by semiautomatic nanoliter sittingdrop screening using commercial Qiagen/Nextal screening kits and a Mosquito pipetting station. The crystallization conditions were optimized to 1.4 M lithium acetate and 0.1 M Hepes buffer (pH 7.0) with hanging-drop vapor diffusion at 20°C. The crystals were harvested and transferred to a cryoprotectant containing 20% glycerol along with mother liquor, which was then flash-frozen in liquid nitrogen. A data set to 2.9-Å resolution was collected at PXII SLS, Villigen, Switzerland. All data processing was done using the XDS software package (3).
The structure was solved by the molecular replacement program Molrep (4) using SEPT2-GDP coordinates (2QA5). Four molecules (2 dimers) were observed in an asymmetric unit. Electron density was noted for the gamma phosphate, magnesium ion, and several new regions in the protein, and the initial model was rebuilt using COOT (5) . Refinement was done with Refmac5 (CCP4 suite) (6, 7), using the NCS and TLS body functions (see Table S1 for refinement statistics). The buried surface area was calculated using CNS (8) with a default probe radius of 1.4 Å. Figures were generated using Pymol (9).
Radioactive Charcoal Assay. GTP hydrolysis was measured using [␥ 32 P]GTP. First, 10 M of SEPT2 WT and corresponding mutants were incubated in buffer at 30°C. GTP hydrolysis was started by adding 150 M GTP, including 30 nM [␥ 32 P]GTP (15 Ci). Aliquots of 10 L were obtained at prespecified time points and mixed with 400 L of charcoal solution (50 g⅐l Ϫ1 charcoal in 20 mM phosphoric acid) to stop the reaction. The charcoal was pelleted, and the amount of free 32 Pi in 180 L of the supernatant was determined by scintillation counting. Relative counts were plotted against reaction time.
Nucleotide-Binding Experiments. SEPT2 WT and mutant protein were titrated against 500 nM 3Ј-O-(N-methyl)anthranoyl (mant)-nucleotides until saturation was reached. The mant fluorophore was excited at 360 nm, and emission was monitored at 450 nm (Fluoromax4; Horiba Jobin Yvon). The increased fluorescence after the addition of protein was integrated over at least 10 min, and the equilibrium dissociation constant, K d , was calculated by fitting a quadratic function to the data. All experiments were performed at 20°C in 50 mM Tris (pH 8.0), 150 mM NaCl, 5 mM MgCl 2 , and 5 mM DTE buffer.
Viability of Yeast Septin Mutants. The yeast strains and plasmids used in this study are listed in Table S3 . Yeast septin deletion strains were obtained from EUROSCARF (Frankfurt, Germany). Haploid deletion strains with a WT copy of the corresponding septin gene on centromeric plasmid pRS416 (10) were prepared by standard yeast genetic techniques (11) . The yeast septin mutants were constructed in centromeric plasmid pRS415. These CEN/ LEU2 plasmids were then introduced in haploid deletion strains. Loss of URA3 plasmid carrying an intact septin gene was assayed by platting serial dilutions of these strains on 5-FOA plates lacking leucine and grown at both permissive (28°C) and nonpermissive (37°C) temperatures. 
